Effects of pressure balance between multi-stages on part-load performance of centrifugal compressor for turbo chiller were analyzed by using CFD (Computational Fluid Dynamics). The analysis domains were two stages including the first and second variable inlet guide vanes (IGVs) arranged upstream of each compressor stage. The numerical simulation involved three-dimensional, steady, and compressible flow analysis with ANSYS-CFX ® . The flash gas injected from the intermediate inlet of the economizer passage was taken into account. The part-load efficiency was measured while changing the opening ratios for the first and second variable IGVs. The predicted part-load efficiency corresponded to the measured one. We confirmed that the pressure balance between the first and second stages improved by adjusting the opening ratios of the first and second IGVs according to the flow ratio. The predicted flow pattern indicated that higher efficiency could be obtained by adjusting the opening ratio of the first and second variable IGVs to suppress excessive prewhirl from the first impeller and stall in the second impeller.
Introduction
Turbo chillers are refrigeration units used for general air conditioning in buildings and cooling installations in factories. Environmental regulations to prevent global warming have recently become stricter, and manufacturers of turbo chillers have been required to reduce their environmental impact. For energy conservation, it is necessary to save the power of the turbo chiller. In addition, needs of customers for methods of evaluating the performance of turbo chillers have been changing in the past few years. It becomes to consider methods of evaluating not only design-point efficiency but also part-load efficiency on actual operating conditions. For example, the Integrated Part Load Value (IPLV) has been adopted in the United States (ARI Standard 550/590, 2003) . IPLV is a new index taking into account part-load efficiency while the Coefficient of Performance (COP) is a conventional index based on design-point efficiency.
In the past studies, it has been reported that a flow control device that had variable IGVs in a centrifugal compressor have an influence on the downstream flow (Gyobu. et al., 1980 , Ishino, et al., 1997 , Whitfield. et al., 1999 , Iwakiri, 2000 . Moreover, for a turbo chiller, variable IGVs have been proposed to improve part-load efficiency (Seki. et al., 2006 , Tamaki. et al., 2009 . However, few investigations have been reported on the relation between part-load efficiency and flow patterns in multistage configurations. In the present study, the opening ratios of the first and second variable IGVs were changed, and the effect of the pressure balance between two stages on part-load efficiency was analyzed with CFD. The operating fluid is refrigerant R134a, which has no ozone depletion potential. The refrigerant flows through the first and second stages in turn. It is pressurized by the centrifugal force of the first impeller, and is also pressurized due to flow-velocity deceleration in the first diffuser. The refrigerant in the return channel is further pressurized on the basis of flow-velocity deceleration, and is guided to the second impeller. It flows into the second stage, and operates similarly as the first stage, and flows out. Figure 2 shows the original return vane and the second IGVs we newly developed on the basis of the shape of the return vane. In the new design, a return vane was divided as outlined in Fig. 3 , and the downstream part was replaced with the second IGVs, which could rotate to change the flow direction depending on the operating conditions.
Nomenclature

2nd IGV
Figures 4 and 5 show the predicted streamlines of the second impeller on the mean section under part-load operation. Figure 4 shows a case without a prewhirl by the second IGVs, and Fig. 5 shows one with a prewhirl by the second IGVs. Reverse flow was generated in the impeller when there was no prewhirl and this was caused by the mismatch between the inflow angle and the impeller blade angle at the leading edge. The reverse flow disappeared in the impeller when a prewhirl was generated by the second IGVs since the impeller blade angle and the inflow angle matched. 
Experimental investigation of effect of IGVs on part-load performance 3.1 Experimental conditions
In the present study, we installed the second IGVs in the testing-turbo chiller of the actual machine scale and measured performance. Experiments were executed at four flow conditions to change the load conditions of the turbo chiller to evaluate the relation between compressor performance and the opening ratio of the first IGV and the second IGVs. Table 1 summarizes the experimental conditions in which the relations between the main flow ratio and opening ratio of the first and the second IGVs are listed. The flow ratio is indicated by Q/Q d based on the rated flow rate Q d of the turbo chiller, and this ranges from 0.25 to 1.0. In Table 1 , D 1 and D 2 indicate the opening ratio of the first and the second IGVs. D=0% and D=100% mean fully closed and opened conditions, respectively. The pressure ratio of total stage was fixed on the load conditions of turbo chiller, and the opening ratios for the first and second IGVs were determined as follows.
Case01 involved the conditions in which the opening ratio D 1 of the first IGV was changed, and the opening ratio D 2 of the second IGVs was at a fully opened condition. Case01 means providing a prewhirl to the first impeller, which greatly decreased the load on the first stage. Case02 and Case03 involved conditions in which both D 1 and D 2 were changed. These were characterized by providing a prewhirl to both impellers and placing even loads on the first and second stages. Case02 was set so that the opening ratios of the first IGV and the second IGVs became D 1 <D 2 in the middle range of flow ratio Q/Q d =0.25-0.75. Case03 was set so that the differences between opening ratios of the first IGV and the second IGVs became larger than Case02.
Experimental results
The authors compared the performance between three experimental conditions. Figure 6 shows performance curves for the multistage in Case01, Case02 and Case03. The performance curves in Fig. 6(a) indicate the efficiency normalized by the adiabatic efficiency η d at the rated flow rate Q/Q d =1.0 of the turbo chiller. The performance curve in Fig. 6(b) indicates normalized adiabatic head Had 1st /Had 2nd . Adiabatic efficiency and adiabatic head were calculated from the total temperature and total pressure at the inlet of the first IGV and the outlet of the scroll in the experimental results.
According to Fig. 6(a) , at the part-load conditions less than Q/Q d =0.75, adiabatic efficiency of Case02 and Case03 was improved in comparison with Case01. It was confirmed that simultaneous control of the first and second IGVs was effective for the adiabatic efficiency improvement of the centrifugal compressor under part-load operation. In Fig. 6(a 
Numerical analysis 4.1 Numerical analysis model
We focused on Case02 which the part-load efficiency improved most and compared with Case01. Numerical analysis in the experiment conditions of Case01 and Case02 was performed. We analyzed an effect of normalized adiabatic head between the first stage and the second stage on the performance of the centrifugal compressor under the part-load operation Figure 7 shows the front view and the rear view of the first stage compressor. Figure 7 shows the features of the analytical model we used for numerical analysis. A full annulus analysis model was used in the present study. The impeller is a closed impeller as shown in Fig. 1 , and the diffuser is a parallel wall vaneless diffuser. Moreover, the intermediate inlet in which the flash gas is injected by the economizer is arranged in the passage between the blades of Figure 8 shows a meridional section of the computational model. The analysis conditions are summarized in Table 1 . The numerical analysis in the present study was conducted for the steady state that adopted shear stress transport (SST) for the turbulent model by using ANSYS-CFX ® . For the discretization scheme, a second-order upwind scheme and a central difference scheme was applied to a convection term and a diffusion term, respectively. The physical properties of R134a were handled as an ideal gas.
Numerical analysis condition
Tetrahedral mesh was used for computational model shown in Fig.8 . The number of mesh elements of each domain was as follows: About 1.3 million for the first IGV, about 3.4 million for the first impeller, about 3.3 million for the second impeller, about 500,000 for the first diffuser, about 400,000 for the second diffuser and about 1.9 million for the return vane. The second IGVs had about 1.3 million elements. The total number of calculation elements was about 14 million in which an inlet channel and an outlet channel were added, which will be described later. Figure 8 also shows the boundary positions. A total pressure and a total temperature were fixed at inlet as shown in Fig. 8 . The inflow conditions were without a prewhirl. Mass flow was fixed at the outlet as shown in Fig.8 . At the inlet of economizer, mass flow and total temperature were provided. In addition, a stage interface was placed in which the rotating and stationary blades were connected, such as the boundaries between the first IGV and the first impeller, and between the first impeller and the first diffuser. The stage interface is a method of transferring the circumferential average value of a physical quantity through the boundary surface. Non-slip and adiabatic conditions were applied to the wall boundary. In addition to the boundary conditions above, the rotating speed for the first and the second impellers were 7876 min -1 .
Numerical results and discussion
Comparison of performance curves
We evaluated an effect of adiabatic head balance, i.e. opening ratio of IGVs. Figures 9 and 10 show performance curves of the multistage and the single stage in Case01 and Case02, respectively.
In Fig. 9 , the performance curves show the efficiency normalized by adiabatic efficiency η d at the rated flow ratio Q/Q d =1.0 of the turbo chiller and normalized adiabatic head Had 1st /Had 2nd . The numerical and experimental results were compared in Fig. 9 . Adiabatic efficiency and adiabatic head were calculated from the total temperature and total pressure at the inlet of the first IGV and the outlet of the second diffuser in the numerical analysis. The pressure ratio was obtained from the total pressure at the inlet of the first IGV and the outlet of the second stage diffuser. It was confirmed that the predicted part-load efficiency corresponded to the measured one as well as the predicted adiabatic head. This means that our numerical method was valid.
In Fig. 10 , the performance curves show the total pressure ratio π and the normalized efficiency η/η d . We investigated the predicted total pressure ratio of the first and the second stages in Case01 and Case02. We focused on the performance of each stage in range of Q/Q d =0.5-0.75 and compared differences between Case01 and Case02. In Case01 without changing the second IGVs, the total pressure ratio of the first stage was smaller than that of the second stage. As a result, the efficiency deterioration of the first stage is larger than that of the second stage. On the other hand, in Case02 with changing the second IGVs, it was confirmed that the efficiency of the first stage was improved keeping even total pressure ratio nearly even between two stages. The pressure balance between two stages is effective for the efficiency improvement under part-load operation.
Comparison of flow patterns
We analyzed the difference of performance between Case01 and Case02 using the numerical results. Figures 11, 12 and 13 show the comparison of the relative Mach number distributions in the compressor in Case01 and Case02. The left figures show the meridian plane, and right figures show the mean section of the first impeller. Figures 11 and 12 show the results of the flow ratio of Q/Q d =0.75 and Q/Q d =0.5, respectively. In Case01, the area was confirmed in which flow was accelerated on the suction side near the leading edge of the first impeller. This means that the first impeller does not work effectively since the opening ratio of the first IGV was excessively decreased and this increased the inlet flow angle of the first impeller. The opening ratio of the first IGV in Case02 was adjusted as the pressure balance between the first and second impellers was kept nearly even. We confirmed that there was no flow acceleration near the leading edge of the first impeller, and the efficiency of the first impeller was improved drastically. As a result, the part-load efficiency was improved as shown in Fig. 9(a) . Figure 13 shows the results of the flow ratio of Q/Q d =0.25. The mean section shows the second impeller. In Case01, the inflow angle to the second impeller was fixed regardless of the flow ratio since the second IGVs did not move from the state of D 2 =100%. The difference between the inflow angle and the inlet angle of the second impeller caused stalls in all blade passages. In Case02, the second IGVs were rotated and the flow with a circumferential velocity component was directed to the second impeller blade. We confirmed that difference between the inflow angle and the inlet angle of the second impeller decreased, and stall was suppressed.
We confirmed that keeping pressure balance nearly even between each stage was effective for the part-load efficiency improvement in the multi-stage compressor. It was found that the part-load efficiency depended remarkably on the performance of the first impeller. Under part-load operation, the efficiency largely decreased when the flow rate was controlled only by the first IGV as Case01. On the other hand, the decrease in part-load efficiency was suppressed when the pressure balance was adjusted by the IGVs of multi-stages as Case02.
In a multistage centrifugal compressor used for this study, it is generally designed so that the total pressure ratio of each stage keeps even. Therefore, it is valid for the efficiency improvement at the part-load that the pressure balance between each stage keeps even by the 1st and 2nd IGVs.
Conclusions
We analyzed the effect of pressure balance between multi-stages on part-load performance of centrifugal compressor for turbo chiller by using CFD. The flow control device that had variable vanes called the second IGVs was applied to the intermediate stage of a multistage compressor for a turbo chiller. We attempted to improve the efficiency of the centrifugal compressor at part load. There were three main findings of this article as follows.
(1) We confirmed that the part-load efficiency was improved in the experiment by using both the first and second
IGVs. The improvement of the part-load efficiency was quantitatively obtained from numerical results. (2) The part-load efficiency depended remarkably on the performance of the first impeller. (3) The pressure balance between each stage should be kept nearly even by adjusting the opening ratios of the IGVs of each stage depending on the flow ratio. We confirmed that the pressure balance was valid for the efficiency improvement.
(a) Normalized efficiency 
